II
The other day I used my new 12 mega-pixel Digital SLR camera to take some pictures of my wife's garden, which was in full bloom with Fall colors. The camera has two settings for color encoding and two rendering settings, normal and vivid. I used vivid. The file format was "raw", using 16 bits per pixel. I transferred the image, picking one of two possible renderings, to my computer using the provided camera software and converted the raw format to a TIFF format so I could use my favorite imagemanipulation software package. I used some of the color, tonescale and sharpness features to make a final image that looked great on my LCD display. I then printed it on my inkjet printer, again using the software provided by the printer manufacturer, making sure that I picked the correct settings for paper type (glossy photographic paper) and a color calibration compatible with my LCD monitor. I then proudly showed the print to my wife, and to my surprise she was not impressed with my hard work. She said, "The reds are not as bright or saturated; and look at the blues, they are not right. Can't you do something to make them look right?" So I went back to the computer and used saturation and curve shaping tools to make the print look more like the "actual" scene in bright sunlight. When finished, the lavender flowers were almost an exact visual match (in bright sunlight) while the reds, blues, yellows and oranges were close enough to satisfy my wife. Greens were not important to her, but then she always wants me to remove grass for more flowerbeds (and weeds). So why was the above process so difficult? Each of the imaging-system components (camera, monitor, software, and printer) was from a different manufacturer and each had its own color reproduction characteristics. In an "open system" this should not make any difference; but those who make their own prints know that if you change even the paper, let alone the printer, a "different looking" print will be obtained. So how does one approach this multifaceted problem of digital color management? The seventh offering of the Wiley-IS&T Series in Imaging Science and Technology, Digital Color Management: Encoding Solutions, Second Edition by Edward J. Giorgianni and Thomas E. Madden addresses these issues in a well thought out, systematic manner. This text is an absolute must for anyone working on color system management in the film, display, digital camera, printer, scanner, television and digital cinema industries, for it provides a clear discussion of the realities and myths of imaging system color reproduction along with a lucid introduction to the fundamentals of color vision and color reproduction.
To put the concept of "closed systems" and "open systems" in perspective consider the following examples. When I first joined Eastman Kodak in 1969, many of the researchers there were avid photographers and would love to argue about which color slide film was best. Many loved the Kodachrome blue skies, while others felt Ektachrome gave more realistic colors overall and some loved the reds of Agfachrome. Slide films represent the ultimate in closed systems in that the entire process is designed and (to a large extent) controlled by a single manufacturer. The spectral sensitivities were selected for either daylight or for tungsten scene illumination, and the dye sets were designed to give good skintoneto-neutral balance when combined with a wellcontrolled chemical process. The final judgment was made in a special projection room under darkadapted conditions and with really "sharp," flare-free projectors that used the display illuminant specified for the film. Many "tweaks" were made to the emulsions and process chemistry until everything was just right (according to the "in-house experts"). This went on in every film manufacturer's R&D organizations trying to get the best professional or amateur film that their patentable technology would allow. The same was true in the color negative systems, where film spectral sensitivities (daylight and tungsten), colored couplers, image dyes, interimage chemistry (for sharpness, color correction and low grain), and matching photographic paper characteristics were designed to have good skintoneto-neutral balance, good color saturation and sharpness when processed properly. Different formulations were used for amateur and professional systems to meet different customer needs, but the goal was always a good picture with little effort on the customer's part. Some film systems, such as motion picture films, were designed to have greater flexibility in order to provide greater artistic expression. However, in all cases, the systems were closed and often proprietary.
Today, to a great extent, "open-systems" have pushed much of the responsibility for a good picture to the user rather than the provider. There are countless combinations of films or digital cameras, scanners, printers (inkjet, color electro-photographic, thermal dye-transfer, etc.) and processing software that can be used by consumers and professionals alike. These choices are often up to the user, and there is no way to ensure that each combination will give the same image or even one that the user will like without some sort of hands-on manipulation. This dilemma is acute for printing services (or companies that make digital scanners and printers) that receive images originating on film or from digital files from customers who expect good quality prints with realistic, pleasing colors. Given all the variability in the system, how can this be done? The second edition of Digital Color Management: Encoding Solutions provides the most comprehensive and systematic approach to solving these issues. The authors have done a masterful job in defining the issues and problems, showing systematic solutions and pointing out that one "color-management methodology" does not fit all color-imaging systems. This single offering cannot provide explicit solutions to all color-management problems; but it does provide serious color scientists and engineers the basis from which they can formulate solutions to their particular color-management problems.
Edward J. Giorgianni is a product of his formative days (early 1970s) He is currently an adjunct instructor at the Center for Imaging Science at the Rochester Institute of Technology and an independent consultant to several corporations and professional groups, including the Academy of Motion Picture Art and Sciences. A Kodak Distinguished Inventor, he holds more than thirty patents in the fields of imaging technology and digital color management. He has taught courses in color science and color imaging for many years and is a four-time recipient of the Kodak Imaging Science and Technology Instructor of the Year Award. He is the author of numerous technical papers and a contributing author to four textbooks on color imaging and color management.
Thomas Madden, a Senior Principal Scientist at Eastman Kodak Company, received his BS and MS degrees at Valparaiso University and the Rochester Institute of Technology, respectively. He joined Kodak in the early 1980s and attended in-house color courses taught by Ed Giorgianni while work-ing on applications mating digitized photographic images and electronic displays. The student-teacher relationship grew into a strong collaboration over the next 20 years where they worked together on a series of digital imaging projects including the Kodak Premier Image Enhancement System and the Kodak Photo CD System. Their collaborative work on these projects and continuous discussions about color imaging systems led to their Unified Paradigm that is the basis for their color management concepts as codified in Digital Color Management, Second Edition. Tom took over many of Ed's teaching responsibilities upon Ed's retirement, thus continuing the tradition of in-house color education at Kodak, where he also received the Instructor of the Year Award. Tom designs digital color-imaging products for consumer and professional applications, holds numerous patents, and continues to publish, lecture and teach about color management around the world.
The offering is a result of their efforts to formalize their collective thoughts and knowledge of color management.
MICHAEL A. KRISS
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Introduction
Not very long ago, digital color technology was available only on high-end color-imaging systems. Its use essentially was limited to commercial applications such as the production of graphic arts prints and motion picture visual effects. Although high-end systems remain an important segment of the digital color-imaging industry, the overall field has changed significantly. Inexpensive high-quality digital cameras, scanners, computers, electronic displays, and color hardcopy output devices such as inkjet, laser, and thermal-transfer printers are readily available. As a result, digital color imaging is now pervasive in virtually all scientific, commercial, and personal applications.
These changes have profoundly affected every aspect of digital imaging. In particular, they have made it necessary to fundamentally alter the way images are color encoded, i.e., how the colors that make up images are numerically represented in digital form.
In the past, the color-encoding methods used on high-end systems typically were quite straightforward. That was possible because these systems generally were self-contained or "closed." For example, some electronic prepress systems always used a certain type of scanner to digitize images input from a particular type of photographic film, and the resulting digital images were used exclusively for graphic arts printing. Relatively simple colorencoding methods were successful in such systems due to the invariant nature of the input and output devices and media.
All of this has changed and continues to evolve as more and more digital color images are being captured or generated for various types of computer displays and related applications, for presentation on conventional and high-definition televisions, and for output to an ever-increasing variety of hardcopy devices and media. It has become essential, then, to move from "closed" systems to systems that are "open."
By definition, an "open" system is not restricted to using only certain inputs and outputs; it can make use of all available types of imaging devices and media. Also implied by definition is that if every digital color-imaging system were "open," digital image data could be interchanged freely among all systems, with predictable color results.
When the subject of such "open" systems is raised, the discussion invariably gravitates toward a concept widely referred to as device-independent color. "Device-independent" in this context means that color is expressed and exchanged in a way that does not depend on the particular characteristics of any given imaging device or medium.
Virtually all proposals for such "deviceindependent" color have been, and continue to be, based on standard color-measurement techniques. However, our experience is that color-encoding methods based on these techniques alone are not sufficient for creating truly open systems capable of supporting disparate types of devices and media, nor can they alone provide for the unrestricted interchange of images among different types of imaging systems. This is not an obvious or widely accepted position to take. After all, standard methods of color measurement have been used successfully for decades for any number of applications. It would seem reasonable that the use of these well-established measurement methods, along with some well-defined file format standards, should allow the open interchange of digital color images among systems. Nevertheless, despite all the attention such color-encoding methods continue to receive, actual experience has shown that they work only in the most restricted applications.
This does not mean, however, that it is impossible to design systems that are truly open. Nor does it mean that color measurement would not be an important part of such systems. What it does mean is that to function properly, the digital color encoding of open systems must be based on advanced color-encoding methods that go well beyond standard color-measurement techniques.
A principal objective in this book is to describe these advanced color-encoding methods along with a number of important system-specific methods for digitally representing color. Our broader objective is to cover all the information required for a solid understanding of the technology of representing and managing color in the digital domain. It is impossible, however, for a single book of reasonable size to include all details regarding every issue that could be discussed. Many implementation-related topics, such as color metrology, color-appearance modeling, 3-D table construction and interpolation, etc., are sufficiently complex to require entire books devoted to those single topics. Because such references are available elsewhere, we will allot less coverage here to explaining precisely how certain color operations might be implemented and instead concentrate on fully explaining exactly what those operations are intended to accomplish and why they are necessary for successful color management.
We recognize that many who require this information may not have backgrounds in color science or color imaging. For that reason, we begin with a part entitled Fundamentals, which deals with some basic principles of color measurement and color imaging. We have tried to make this part as concise as possible by covering only the information necessary for understanding digital color encoding. (As a result, it may well be the only discussion of color science ever written that does not include the seemingly mandatory cross-sectional diagram of the human eye!)
The second part, The Nature of Color Images, describes the color properties of color images produced on various types of imaging devices and media. Much of this information is not widely available, which has been unfortunate. We think the lack of factual information on this subject has been responsible for many common misconceptions regarding color imaging in general and color encoding in particular. Again, the discussion in this part is aimed toward our principal subject. Our objective is to explain why images from various types of devices and media must differ fundamentally in their basic color properties. These differences must be understood in order to appreciate the problems of encoding and managing color and to understand the solutions to those problems.
The final two parts cover our main topics: digital color encoding and the color-managed systems in which that encoding is used. These parts include the following: r Detailed descriptions of two complex color-managed systems based on the Unified Paradigm, one of which supports a highly disparate array of inputs and outputs, and the other designed to meet the specific needs of digital cinema.
The book also contains a comprehensive glossary and an extensive series of appendixes that provide additional information on selected subjects and detailed descriptions of various color calculations and transformations.
We suggest this book be read straight through, even if the reader is familiar with most of the background material presented in the earlier sections.
Each chapter builds on the preceding discussions, and most contain information that is not commonly available. If a chapter must be skipped, we would urge that at least the Summary of Key Issues given at the chapter's end be read.
PART I Fundamentals
In this introductory part, some basic principles of color and color measurement will be examined in the context of color-imaging systems. This examination will provide the foundation required for later discussions on color images, color encoding, and color management.
The part begins with a review of the techniques of color measurement, which are the bases of all methods of numerically representing color. Colorimaging systems then will be described-not in terms of specific technology, but in terms of the basic functions they must perform. The focus here, and throughout the book, will be on systems for which the ultimate goal is to produce images that are high-quality color reproductions of original images.
Two very different types of original images will be dealt with in these discussions. In some cases, the original will be a live image, such as an outdoor scene being recorded with a digital still camera. In other cases, the "original" itself will be a reproduction. For example, it might be a reflection print that is to be reproduced again by an imaging system composed of a scanner and printer. As will be seen, each type of original has to be treated quite differently.
In discussing and working with color-imaging products and systems, it is easy to become so enamored with the technology that the real objective gets lost. It is important, then, not to forget that when it comes to images, a human observer-not a measuring instrument-is the ultimate judge of what is good or bad. Thus, regardless of the type of original being considered, one rule will remain constant throughout this book: The assessment of color quality will be made according to the judgments of human observers.
As obvious as that idea may seem, an experience of a colleague of ours shows that it is sometimes overlooked. He had called the manufacturer of a colormanagement program, purchased for his home computer, to report a problem: yellow colors always came out greenish on his monitor. The person with whom he spoke cheerfully informed him that there was no need for concern. Those greenish colors really were yellow; they just did not look that way because computer monitors have an overall bluish cast to them. He was told that if he were to measure those yellows, as the manufacturer had done in designing the software, he would find that they were indeed yellow. His continued protests that he "did not care how Digital Color Management: Encoding Solutions, Second Edition Edward J. Giorgianni and Thomas E. Maddenthey measured, they still looked greenish," were to no avail! Since human judgments are to be the basis for determining the success or failure of color encoding and color reproduction, the basic characteristics of human color vision must be understood. These characteristics are introduced in Chapter 1, which begins with a review of color-measurement techniques that are based on the responses of a standardized representative human observer.
Measuring Color
Digital color encoding is, by definition, the numerical description of color in digital form. For example, in one particular color-encoding scheme, the set of digital values 40, 143, and 173 specifies a particular shade of red (the reason why will be explained later). The fact that color can be digitally encoded implies that it somehow can be measured and quantified.
But color itself is a perception, and perceptions exist only in the mind. How can one even begin to measure and quantify a human perception? Vision begins as light reaches the eyes; thus, a reasonable place to start is with the measurement of that light.
Light sources
In the color-science courses we often teach, students are asked to list factors they think will affect color. There usually are quite a few responses before someone mentions light sources. But perhaps this should be expected.
It is easy to take light sources, such as the sun and various types of artificial lighting, for granted. Yet unless there is a source of light, there is nothing to see. In everyday language we speak of "seeing" objects, but of course it is not the objects themselves that we see. What we see is light that has been reflected from or transmitted through the objects. We "prove" this in the classroom by switching off all the room lights and asking if anyone can see anything at all! This usually gets a laugh (and most often results in one or two students taking a quick nap)! Because color begins with light, the colors that are seen are influenced by the characteristics of the light source used for illumination. For example, objects generally will look redder when viewed under a red light and greener when viewed under a green light. In order to measure color, then, it first is necessary to measure the characteristics of the light source providing the illumination.
More specifically, the spectral power distribution of the source, i.e., the power of its electromagnetic radiation as a function of wavelength, must be measured. Spectral power distributions can vary greatly for different types of light sources. Figure 1 .1 shows, for example, the spectral power distributions for a tungsten light source and a particular type of fluorescent light source. Note that the power values in the figure are expressed in terms of relative power, not absolute power. Such relative measurements generally are sufficient for most, although not all, types of color measurements.
The most common source of light is, of course, the sun. The spectral power distribution of daylight-a mixture of sunlight and skylight-can vary greatly depending on solar altitude and on weather and atmospheric conditions. the result of filtration effects due to the atmospheres of the sun and the earth.
There can be a number of different light sources involved in a single digital imaging system, and each will affect the colors that ultimately are produced. For example, consider the system shown in Figure  1. 3. An original scene is photographed on a colorslide film, and the slide is projected and also scanned. The scanned image is temporarily displayed on the monitor of a computer workstation, and a scan printer is used to expose a photographic paper to produce a reflection print that is then viewed.
There are six different light sources to consider in this system. First, there is the source illuminating the original scene. Another light source is used to project the slide for direct viewing. There is a light source in the slide-film scanner, which is used to illuminate the slide during scanning. The computer monitor also is a light source (the phosphors of its display emit light). The scan printer uses a light source to expose the photographic paper. Finally, a light source is used to illuminate the reflection print for viewing. In later chapters, each of these uses of light sources will be discussed. For now, it is the measurement of color that is being discussed. Our immediate attention will be on the use of light sources to illuminate objects for viewing.
Objects
When light reaches an object, that light is absorbed, reflected, or transmitted. Depending on the chemical makeup of the object and certain other factors, the amount of light that is reflected or transmitted generally will vary at different wavelengths. For the purposes of color measurement, this variation is described in terms of spectral reflectance or spectral transmittance characteristics. These characteristics respectively describe the fraction of the incident power reflected or transmitted as a function of wavelength.
In most cases, an object's spectral characteristics will correlate in a straightforward way with the color normally associated with the object. For example, the spectral reflectance characteristic shown in Figure 1 .4 is for a red apple. The apple (generally) is seen as red because it reflects a greater fraction of red light (longer visible wavelengths) than of green light (middle visible wavelengths) or blue light (shorter visible wavelengths). Sometimes, however, the correlation of a color and its spectral reflectance characteristic is less obvious, as in the case of the two objects having the spectral reflectances shown in Figures 1.5a and 1.5b. The object in Figure 1 .5a is a particular type of flower, an ageratum. The flower appears blue to a human observer, even though it seems to have more red-light reflectance than blue-light reflectance. The object in Figure 1 .5b is a sample of a dyed fabric, which appears green to a human observer, despite its unusual spectral reflectance that would seem to indicate otherwise.
In a moment, human color vision will be discussed, and the reason why these objects have color appearances that might not seem apparent from their spectral reflectances will be given. But before that can be done, it is necessary to discuss the role that objects play in the formation of what are referred to in color science as color stimuli.
Color stimuli
In color science, a "color" that is to be viewed or measured is referred to, more correctly, as a color stimulus. A color stimulus always consists of light. In some cases, that light might come directly from a light source itself, such as when an electronic display or the flame of a burning candle is viewed directly.
More typically, color stimuli are the result of light that has been reflected from or transmitted through various objects. For example, if the apple of Figure  1 .4 is illuminated with the fluorescent light source of Figure 1 .1, the resulting color stimulus will have the spectral power distribution shown in Figure 1 .6. The spectral power distribution of this stimulus is the product of the spectral power distribution of the fluorescent source and the spectral reflectance characteristic of the apple. The spectral power distribution of the stimulus is calculated simply by multiplying the power of the light source by the reflectance of the object at each wavelength, as shown in Figure 1 .7.
It is important to emphasize that for a reflective or transmissive object, the color stimulus results from both the object and the light source. If a different light source having a different spectral power distribution illuminates an object, the color stimulus in turn will change. For example, if the apple of Figure  1 .4 is illuminated with the tungsten light source of Figure 1 .1, a color stimulus having the spectral power distribution shown in Figure 1 .8 will be produced.
As Figure 1 .8 shows, the tungsten-illuminated stimulus is very different from that produced by fluorescent illumination of the same apple. What this means is that the color of an object is not invariant, nor is it determined solely by the object itself. A "red" apple can be made to appear almost any color (or even no color at all), depending on how it is illuminated.
The concept of the color stimulus is the foundation of all methods of representing color images in numerical form. Every spatial point in a scene or image has an associated spectral power distribution. So any live scene, any image being scanned, any electronically displayed image, or any illuminated hardcopy image can be treated as a collection of individual color stimuli. These stimuli can be measured by an instrument, and they can be detected by the sensors of an imaging device.
Most importantly, it is these color stimuli that are seen by a human observer. In order to make meaningful assessments of color stimuli, then, it will 
